Our previous studies using oxygen microelectrodes showed that the thymus is grossly hypoxic under normal physiologic conditions. We now investigate how oxygen tension affects the thymus at the cell and molecular level. Adducts of the pimonidazole hypoxia marker drug accumulate in foci within the cortex and medulla and at the corticomedullary junction, consistent with the presence of widespread cellular hypoxia in normal thymus. Hypoxia-associated pimonidazole accumulation was decreased but not abrogated by oxygen administration. Genes previously reported to be induced by hypoxia are expressed at baseline levels in normal thymus, indicating that physiologic adaptation to hypoxia has occurred. Despite changes in thymus size and cellularity, thymic pO 2 does not change with age. Combined assays for hypoxia and cell death show that hypoxia achieved either using hypoxic gas mixtures or high-density culture in normoxia decreases spontaneous thymocyte apoptosis in vitro. Taken together, these data suggest that regulatory mechanisms exist to maintain thymic cellular hypoxia in vivo and that oxygen tension may regulate thymocyte survival both in vitro and in vivo. 
constitutively, it has a very short half-life. Hypoxia prevents its degradation and increases its DNA binding, leading to rapid accumulation of HIF-1 complexes that induce activation of hypoxia-responsive genes (7) . HIF-1 activity is also modulated by CO and NO, which can affect HIF-1 binding to DNA without affecting HIF-1α protein expression (3) . Expression of the cell death factor Bcl2/adenovirus E1B 19kD-interacting protein 3 (BNIP3) was recently shown to be HIF-1-dependent in both tumor cell lines and normal tissues (8, 9 ).
Another hypoxia-responsive gene, heme oxygenase (HMOX-1), has a binding site for HIF-1α but its expression is not reduced in HIF-1α-deficient cells under hypoxic conditions. Thus, HMOX-1 expression is thought to be regulated by factors other than HIF-1, but these regulators have not yet been identified (10) . Other transcription factors such as NF-κB, AP-1, Egr-1, and cEBPβ have also been shown to be activated by hypoxia (summarized in 11). NF-κB induces a number of genes including inducible nitric oxide synthase (iNOS), cyclo-oxygenase-2 (COX2), and anti-apoptosis TNF receptor associated proteins 1 and 2 (TRAF1, TRAF2) that may play a role in the response to hypoxia (12) . However, since many diverse stimuli are now known to induce the activity of NF-κB (13) , it is important to recognize that enhanced expression of any particular gene may be the result of cooperation between multiple transcription factors.
Induction of hypoxia-responsive genes serves to promote erythropoiesis, angiogenesis, and vasodilation to facilitate O 2 delivery to the affected tissues and also decreases O 2 utilization by increasing anaerobic energy generation through glycolysis. Whether these genes would be similarly induced in cells adapted to hypoxia or when hypoxia is beneficial to cell or tissue function has not previously been described.
Tissue hypoxia has traditionally been measured using oxygen-sensing microelectrodes although newer methods such as fluorescent fiber-optic sensors are becoming available. We have 5 recently shown that the pO 2 measured in a given tissue depends strongly on the area sampled by each measurement and the averaging technique used (14) . Immunohistochemical markers for hypoxia have gained popularity recently because they can assess hypoxia on a cellular level, rather than providing an average pO 2 over variously sized microregions as with oxygen microelectrodes and optical sensors. The 2-nitroimidazole hypoxia marker, pimonidazole hydrochloride, has a high water solubility (0.4 M), readily traverses cell membranes in its oxidized form, and also has sufficiently low toxicity for clinical use in animals and humans (maximum tolerated in vivo dose 2g/m 2 for a single dose or 0.75 g/m 2 /day for extended periods) (15) . At pO 2 less than 10 mm Hg, pimonidazole forms irreversible covalent adducts with cellular proteins that can be detected immunohistochemically. The formation of pimonidazole adducts has been shown to depend on the cellular oxygen tension, independent of the pyridine nucleotide redox status of the cell (16) . Thus pimonidazole may be a useful marker for cells that have experienced hypoxia, with pO 2 < 10 mm Hg (17) . An increasing number of studies have shown that accumulation of pimonidazole adducts sufficient to result in positive immunostaining correlates with tissue hypoxia as indicated by capillary density and distribution, presence of necrosis, numerical simulations of oxygen diffusion, and direct measures of hypoxia including the comet assay and oxygen tensions measured using Eppendorf microelectrodes or optical sensors (18 -20) .
Thymic tissue pO 2 levels measured by both microelecrodes and a luminescent fiber-optic oxygen sensor average around 10 mm Hg, with at least a third of measured values < 5 mm Hg (14) , compared with a pO 2 ~40 mm Hg in normal arteriolar blood (21) . The retina, myocardium, and portions of the visual cortex have also been shown to have low mean pO 2 values in the range of 5 -15 mm Hg (22 -25) . These tissues are highly metabolic tissues with sufficient blood 6 supplies to maintain oxidative metabolism. Despite this, exposure to increased oxygen levels has been shown to be harmful, particularly to neonatal retina where it causes proliferative retinopathy that may result in blindness. Whether the thymus has sufficient pO 2 to maintain oxidative metabolism under normal conditions and whether exposure to higher pO 2 is harmful to the thymus has not been addressed.
In this study, we have investigated the oxygenation status of the thymus using the hypoxia marker drug pimonidazole as a marker for physiologic hypoxia and have measured the expression of a panel of hypoxia-responsive genes in the thymus in vivo. We report an in vitro assay for cellular hypoxia that should be widely applicable to a variety of cultured cell types and have determined effects of oxygen on thymocyte survival in vitro. Finally, we have studied pO 2 within the thymus as a function of age.
Materials and Methods

Animals and Cell Culture
In vivo measurements of oxygen tension used Balb/C mice. C57BL/6 mice were also used for some in vitro studies. All animal studies were approved by the Duke University In vivo pO 2 measurements
Recessed-tip oxygen microelectrodes were prepared, calibrated, and used as described previously (14, 26) . Mice anesthetized with an intraperitoneal injection of 80 mg/kg sodium pentobarbital were placed on their backs on heated water blankets. The thymus was exposed via mediastinotomy, taking care to avoid pneumothorax, and was kept moist by topical application of saline. A small incision was made in the forelimb and a Ag/AgCl reference electrode was sutured into the subcutis. The oxygen microelectrode was advanced into the thymus using a micromanipulator and pO 2 was recorded for 10 seconds at 50 µm steps for a total distance of 1000 -2000 µm. The microelectrode was then withdrawn and the process was repeated for a total of 3 -4 tracks. The total measurements made per thymus ranged from 62 to 155. At the end of the recording time, the mouse was euthanized by overdose of sodium pentobarbital and recordings were continued for at least 5 minutes after death to obtain a true in vivo zero as previously described (14, 27 cells that contained less than 2n DNA and were present within the sub-G 0 peak.
Studies of Gene Expression
Thymus and control tissues used in gene expression studies were removed under deep anesthesia immediately prior to animal death by barbiturate overdose and immediately snapfrozen as a precaution to minimize any possible post-mortem induction of hypoxia-responsive genes. Total RNA was obtained using the RN Easy TM kit (Qiagen, Valencia, CA). Two µg of RNA was reversed transcribed using SuperScript (Gibco BRL, Rockville, MD) and the resulting cDNA was subjected to PCR for the indicated number of cycles using Platinum Taq (Gibco BRL). Primers were selected to cross intron-exon boundaries and did not amplify genomic DNA.
Primer sequences and the resultant product sizes are as follows. For Northern blots, 15 µg RNA from each sample was electrophoresed and transferred to nitrocellulose using standard procedures. Blots were probed with a PCR-generated probe corresponding to bp 216-495 of the BNIP3 gene using the North2South Direct HRP Labeling and Detection kit (Pierce, Rockford, IL) according to the manufacturer's instructions.
Results
Pimonidazole Adducts Accumulate in Normal Thymus Tissues in vivo
Our previous studies had shown that the mean pO 2 within the thymus was less than 10 mm Hg when measured using microelectrodes, suggesting that thymus may be hypoxic in vivo (14) . However, since microelectrodes and oxygen sensors average pO 2 over a microregion, it is important to determine whether similarly low pO 2 levels exist at the cellular level and how the oxygen tension varies anatomically within the tissue itself. Therefore, we administered the hypoxia marker drug pimonidazole in vivo to normal 6 -8 week old mice breathing room air, and Occasional thymic epithelial cells were also identified as faint to moderately pimonidazolepositive. Additional foci of thymocytes that were very strongly reactive with anti-pimonidazole Ab were present in these mice, generally located in the mid-cortex or near the cortico-medullary junction ( Figure 1B ). These foci covered from 5 -10 % of the thymic area studied in normal mice breathing room air.
As an additional control, we also stained spleen sections from pimonidazole-treated mice breathing room air for the presence of pimonidazole adducts. Previous studies have shown that mean pO 2 values in spleen average ~20 mm Hg, with pO 2 < 10 mm Hg in ~10% of measurements (14) . We found that cells reactive with anti-pimonidazole Ab were concentrated in the red pulp, directly under the splenic capsule (not shown), consistent with the well-described distribution of blood vessels and blood flow within the spleen and in numbers consistent with our previous measurements of splenic pO 2 . The majority of splenic lymphocytes were non-reactive with anti-pimonidazole Ab, again consistent with the specificity of pimonidazole staining for hypoxic cells.
Hypoxia-Responsive Genes are Not Induced in Normal Thymus in vivo
Our oxygen tension measurements (14) and our immunohistochemical hypoxia marker studies both indicate that normal thymus is a hypoxic organ. Hypoxia has been shown to alter gene expression, particularly of genes whose products may decrease oxygen utilization and/or increase oxygen supply. To determine whether the normal hypoxic status of the thymus induces expression of genes previously documented to be hypoxia-responsive, we analyzed normal murine thymus for expression of GRP-78, HMOX-1, COX2, TRAF2, and GAPDH, as well as for β-actin as a control using semi-quantitative RT-PCR assays. Expression of GRP-78, HMOX-1, COX2, TRAF2, and GAPDH have all previously been shown to be induced by hypoxia (3, 4, 10, 12) . The baseline expression of each of these genes was determined using tissues from mice that had breathed 100% O 2 for 4 hours prior to tissue harvest. Lung and spleen were chosen as non-hypoxic control tissues. Lung is expected to be the most highly oxygenated tissue within the body and normal mice breathing 100% O 2 would be expected to have no pulmonary hypoxia. We have previously documented that the spleen is not generally hypoxic in mice breathing room air (14; and data above) and spleen has a mean pO 2 intermediate between that of thymus and lung.
The level of expression of GRP-78, HMOX-1, COX2, TRAF2, GAPDH, and β-actin mRNAs for 13 thymus, lung, and spleen from mice breathing room air or 100% O 2 is shown in Figure 2A . Although the mean thymic pO 2 increases rapidly with oxygen administration, pimonidazole adducts can still be detected immunohistologically in the thymus, even when pimonidazole is administered after 1 hour of breathing 100% O 2 ( Figure 1D-F) . However, the frequency of foci containing large numbers of pimonidazole-positive thymocytes is decreased in mice breathing 100% O 2 relative to those breathing room air ( Figure 1E ) and the intensity of pimonidazole staining is decreased. However, individual hypoxic cells can still be observed even in regions adjacent to multiple blood vessels ( Figure 1F ). Taken together with the microelectrode data above, these studies demonstrate that pO 2 varies anatomically within the thymus and that increased oxygen delivery decreases thymic hypoxia but is insufficient to totally eradicate hypoxia at the cellular level. Particularly when taken together with lack of induction of 16 hypoxia-responsive genes, these results suggest that regulatory mechanisms exist to maintain thymic hypoxia.
Thymic pO 2 in vivo Does Not Change with Age
The oxygen tension present in the thymus reflects both oxygen supply and demand.
Thymocytes develop in close association with thymic epithelial cells, and are separated from thymic blood vessels by variable amounts of connective tissue, mature lymphocytes, and a basement membrane. During age-related thymic atrophy in mice, the thymic area involved in thymopoiesis decreases, such that the remaining thymocytes are in closer proximity to thymic blood vessels and may thus potentially experience a higher local pO 2 if thymic blood flow remains constant. Age-related decreases in the numbers of developing thymocytes present in the thymus would also be predicted to decrease oxygen utilization and thus to potentially increase thymic pO 2 . To determine how thymus pO 2 changes with age, we measured thymic oxygen tension in vivo in mice of varying ages using an oxygen microelectrode. As shown in These studies demonstrate that thymic pO 2 does not change significantly with age despite agerelated changes in thymus size, histology, and thymopoietic activity. They further suggest that regulatory mechanisms exist during aging to maintain thymic hypoxia at the whole organ level, in addition to regulation at the cellular level described above.
In vitro Assay for Hypoxia
We and many others have noted rapid and abundant apoptosis of thymocytes cultured in vitro at ambient oxygen concentrations. If the thymus is normally adapted to hypoxic conditions, then exposure to higher levels of oxygen may be detrimental to thymocytes. We wished to determine whether limiting the oxygen to levels similar to what we observed in the thymus in vivo could improve the survival of cultured murine thymocytes in vitro. However, to allow us to determine the extent of thymocyte hypoxia under normal culture conditions, we first needed to develop an assay for hypoxia in vitro.
It should be possible to achieve in vitro hypoxia by either increasing oxygen consumption within cultures or by decreasing atmospheric oxygen content. We first analyzed pimonidazole immunoreactivity in thymocytes cultured at high density (100 x 10 6 /ml) for 24 hours under normoxic conditions. We hypothesized that normal oxygen utilization by these crowded cells could lead to hypoxia in the culture medium at ambient oxygen concentrations. Optimal pimonidazole loading occurred when thymocyte cultures were pulsed with 400 -800 µg/ml An inability to achieve global hypoxia in high-density cultures may reflect properties of the thymocytes themselves or may reflect differences in oxygen tensions in local microenvironments within the culture. To address this first possibility, we determined whether the pimonidazole immunoreactivity of thymocytes differed as a function of their cellular proliferation status. Thymocytes cultured at high density under normoxic conditions for 24 hours were pimonidazole-pulsed, then simultaneously analyzed for hypoxia and DNA content using anti-pimonidazole and propidium iodide double staining of permeabilized cells. We found that very few pimonidazole-positive cells were present in the apoptotic cell fraction (white bars in Figure 5C ). Cells already committed to apoptosis at the time of pimonidazole addition are not expected to become pimonidazole-positive, since formation of pimonidazole-protein adducts requires active P450 enzymes (28) . In contrast, large fractions of both G 0 /G 1 and G 2 /S/M phase thymocyte populations were pimonidazole-positive ( Figure 5C ). Furthermore, as hypoxia has previously been shown to prevent proliferation (28), it is likely that the pimonidazole-positive thymocytes in G 2 /M/S phases became hypoxic after beginning their progression through the cell cycle. Taken together, these data suggest that variations in percentages of pimonidazole-positive viable thymocytes of similar proliferation status within cultures are most likely due to local fluctuations in the oxygen microclimate within the bulk culture itself. Clearly, very low pO 2 is generated in some regions during high-density culture of thymocytes under normoxic conditions.
Hypoxia Reduces Thymocyte Apoptosis but Increases Thymocyte Necrosis in vitro
To determine whether limiting the oxygen to levels similar to what we observed in the thymus in vivo could improve the survival of cultured murine thymocytes in vitro, we examined thymocyte survival in cultures with varying cell densities under both normoxic and hypoxic conditions. The mechanism of thymocyte death was determined to be via necrosis or apoptosis using combined annexin V/propidium iodide exclusion flow cytometric assays. The percentage of apoptotic cells measured using this assay was similar to that measured using the DNA content assay for thymocytes cultured under similar conditions. Hypoxia achieved either using the hypoxic chamber or high-density culture in normoxia decreased the fraction of the thymocyte population undergoing apoptosis, as shown by the white bars in Figure 6A . However, the fraction of thymocytes undergoing necrosis ( Figure 
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In this study, we have used the hypoxia marker pimonidazole to show that individual cells within the thymus are normally hypoxic in vivo, i.e. they experience pO2 < 10 mm Hg. We have also shown that thymus hypoxia persists at the cellular level despite oxygen administration and at the organ level despite age-related anatomic changes that would be predicted to increase pO 2 . Furthermore, thymocyte hypoxia is associated with decreased apoptosis in vitro. Previous studies have shown that dexamethasone-induced apoptosis of rat thymocytes is inhibited in hypoxic atmospheres (0.5 -5% O 2 ) and increased in high oxygen atmospheres (95% O 2 ) (30).
The dexamethasone-induced apoptosis of murine thymocytes was also shown to be inhibited by hypoxia (31, 32) . Our studies further confirm the role of oxygen in regulating spontaneous thymocyte apoptosis and also document new methods for demonstrating hypoxia in thymocytes both in vitro and in vivo. Taken together, these studies suggest that decreased thymic oxygen tension may increase thymocyte survival and that the thymus has evolved mechanisms to closely regulate oxygen supply and demand in vivo.
Several previous studies have suggested that oxygen and reactive oxygen species may decrease murine thymocyte survival in vivo. hours/day caused decrease in thymus weight for days 3-9, but thymus weight returned to baseline by day 14 (34) . Decreased thymus weight was associated with an up to 85% reduction in thymocyte number, and histologic examination showed marked depletion of the thymic cortex, where immature double positive thymocytes are normally located. Adrenalectomized animals 21 had a decrease of 30% in thymus weight vs. 60% for control and sham-adrenalectomized animals when exposed for 4 days, indicating that stress and systemic corticosteroid secretion cannot by themselves account for the ozone-induced loss in thymocyte cellularity (34) . Continuous exposure to 100% O 2 also greatly decreases thymocyte survival in vivo. Whole thymus weights decreased to 72 ± 10% of control at 72 hours and 42 ± 3% of control after 96 hours of exposure to 100% O 2 , with corresponding thymocyte numbers of 73 ± 10% and 17 ± 12% of control at 72
and 96 hours respectively (35). However, mice with prolonged exposure to 100% O 2 also suffered severe pulmonary toxicity, leading to 50% mortality by day 5 (35).
Oxygen has also been shown in other studies to play a role in thymocyte differentiation and to increase thymocyte survival. Antioxidants N-acetyl-L-cysteine and butylated hydroxyanisole cause a dose-dependent arrest of thymocyte differentiation toward αβ T cells in day 14 murine fetal thymic organ cultures (36) . This is associated with a profound decrease in nuclear content of NK-κB and in TCF1(α) transcription factor activity by electrophoretic mobility shift assay. Elevations in O 2 in standard suspension cultures cause differentiation toward αβ T cells and increase NF-κB (36) . In mice 18 -24 months of age, there was an increase in thymic cells with a single 45 minute exposure at 0.88 atm O 2 (normal = 0.2 atm) but no change in thymocyte numbers with exposure to hyperbaric O 2 for 2 hours each day for 20 days (37). This paper hypothesizes that an age-dependent increase in hypoxia may be responsible for immune system aging (37) , however, our data shows very clearly that thymic oxygen content does not change with age and thus does not support this hypothesis. We feel the increased thymus cellularity observed by Lee et al (37) was more likely an acute response to hyperoxia, since it was not sustained with repeated exposure.
22
Thymocyte export from the thymus depends on the balance between cellular proliferation and cell death, by both apoptosis and necrosis. The rate of apoptosis depends on the balance of pro-apoptotic and anti-apoptotic factors. Hypoxia has been shown to cause cell death by apoptosis as well as by necrosis (1) . Our studies indicate that thymus tissues that are hypoxic in vivo do not express detectable amounts of BNIP3, a gene product that rapidly induces cell death and is induced by hypoxia in many cell lines and normal tissues (8, 9) . Hypoxia has been shown to select for tumor cells with defects in apoptosis, such as those with loss of p53 or overexpression of bcl-2 (38) . Whether similar selection processes occur for thymocytes due to their normally hypoxic environment will require additional studies.
The mechanisms by which hypoxia may aid thymocyte survival are not well understood.
When quiescent thymocytes are stimulated to divide they switch from oxidative phosphorylation to glycolysis as a means of ATP production. This change has been suggested to occur in order to reduce generation of reactive oxygen species that might damage replicating DNA (3, 39) .
However, it may also be the natural result of regulatory processes that limit thymocyte oxygen supply. Very recent studies indicate that hypoxic culture completely inhibits dexamethasoneinduced apoptosis of murine thymocytes, but does not affect apoptosis induced by anti-CD95 treatment (32) . These studies indicate the presence of 2 distinct forms of thymocyte apoptosis: an oxygen-dependent pathway (e.g. dexamethasone-induced) and an oxygen-independent pathway (e.g. anti-CD95-induced). The oxygen-dependent step in dexamethasone-induced apoptosis lies upstream of caspase-3-like protease activation and the two pathways converge upstream of mitochondrial changes (32) . Our data show that hypoxia generated in a hypoxia chamber or by high density culture inhibits but does not prevent spontaneous thymocyte apoptosis, suggesting that both apoptotic pathways are active during spontaneous thymocyte apoptosis. Our further 23 observation that hypoxia-responsive genes are not induced in the thymus despite significant cellular hypoxia suggests that adaptation to physiologic hypoxia has occurred. This adaptation may alter the balance of pro-and apoptotic factors within the thymus, including factors necessary for thymocyte growth and development. Our observations that the magnitude and duration of the change in thymic pO 2 varies when 100% O 2 is administered ( Figure 3 ) and that the hypoxia marker pimonidazole continues to accumulate focally in the thymus despite high arterial pO 2 ( Figure 1 ) provide evidence for active regulation of thymic oxygen tension. Further studies will be needed to determine the mechanisms by which thymic physiology regulates oxygen tension and gene expression in response to low thymic oxygen tensions.
Our hypoxia marker studies in high-density cultures show that significant differences in 
